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ABSTRACT: The development of a frequency modulated system 
for the recording of pressures and accelerations resulting 
from high explosive detonations is described. The intelli- 
gence from a pressure gage or accelerometer gage frequency 
modulates a carrier frequency, and after being multiplexed 
this PH signal is transmitted by cable and remotely recorded 
on a magnetic tape recorder.  In playback the output of a 
magnetic tape reproducer is fed through band pass filters, 
which separate out the various carrier frequencies of the 
multiplexed signal; from here each filtered signal is fed 
to a discriminator unit which converts the frequency modu- 
lated signal to an amplitude signal. Finally this amplitude 
signal is presented to e string oscillograph which produces 
a photographic record of the signal. 
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CHAPTER 5 

RECORDINO AND PLAYBACK 

This chapter describes in detail the units comprising 
the overall FM magnetic tape recording and playback in- 
strumentation used for the recording of pressures and accel- 
erations resulting from large explosions. The general 
features of the system are depicted in block diagram form 
in Pig. 5.1 through Fig. 5.*. 

A 

5.1 DESIGN CONSIDERATIONS; 

(1) Number of Measurements - One hundred gage 
signals were to be recoraen. 

(2) Remote Control - For personnel safety and 
safety of equipment, remote control was required. 

(3) Simplicity - The large number of measure- 
ments to be made maicatea the desirability of uncomplicated 
equipment with a minimum number of parts and simple field 
adjustments. 

(4) Reliability - The large expense involved 
and the need for the information sought, made it mandatory 
that all the required data be obtained. 

(5) Time - Very little time was available for 
the design, procurement and testing of the system. 

5.2 DESIGN FEATURES 

(1) Frequency Modulation - The FM system was 
used. With this system, small UTESrference could be ex- 
pected from amplitude modulating signals such as from 
power lines or other equipment. 

r • - 75 - 
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(2) Multiplexing - Beceuse or the large number 
of measurements to be takenj the multiplexing system was 
used. This permitted the use of only twenty channels per 
shot for signal transmission; each channel contained five 
carrier frequencies, frequency modulated by five different 
gages. 

(3) Magnetic Tape Recording - This mode of re- 
cording was chosen Decause or its rreeaom from the need of 
critical field adjustments, simplicity of operation, and 
adaptability to remote control. 

(4) Cable Telemetry - In the Interest of sim- 
plicity, cable was used to transmit the signal from the 
field oscillators to the instrumentation trailer. Radio 
telemetry would have unnecessarily complicated the field 
instrumentation with transmitters, antennas, and receivers. 

(5) Reliability - To enhance the reliability 
of the overall recording system and to insure obtaining the 
maximum amount of significant data, wide use was made of 
"back-up" units. Pour complete, identical, and independent 
banks of equipment were used in each trailer, each bank op- 
erating five channels, one for each of five stations. The 
stations for each bank were selected so that in case of 
failure of one complete bank, recorded signals from no more 
than two distances would be lost. The five stations lost 
were so staggered as to minimize this loss (see Table 5.1). 
Each recorder had its inputs paralleled with the inputs of 
a second recorder to minimize the loss of records In case of 
tape or recorder failure. Each motor-generator set was 
powered by paralleled banks of batteries. Reference and 
timing signals were generated from a multiplicity of sources 
and recorded en two tracks of each tape.  (These bignals 
were used as fiducials, therefore they were common to all 
recording banks.) 

- 76 
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Instrumentation Bank 
Distance* Lor 

Failure of 
t Wiih' 
Bank 

Stations Lo*t 
Failure of Bank 

)latancee 
16 ft 
Depth 

20 ft 
Depth 

30 ft 
Depth 1 2 3 a 1 2 3 a 

1 1 X X 

2 3 k 2 X X X 

3 3 X X 

4 * V X 

5 2 3 1 X X X 

6 V X X 

7 2 X X 

8 % 1 3 X X. X 

9 2 r X. 

10 1 2 * X X X 

11 1 X X 

12 3 X X 
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5-3 PSRFOHMAHCE CHARACTERISTICS: 

(1) (l; /Taguency Response from D.C. to approximately 
150 cpi on the 3.9 Vc channel, ana to approximately 1,000 cpa on the 
1«».5 kc channel. The upper frequency iunits of any particular channel 
were Halted by the frequency response of the gages used on that 
channel. 

(2) Dynamic Range approximately a factor of 100, 
realised by the use of "back-up gages. 

(3) Resolution sufficient to read down to 1/20 of 
nominal full scale gage range. This resolution vas limited by the 
noise - "wow-and-flutter" - Inherent In the magnetic tape recording 
and playback mechanl 

(a) Accuracy of reading the records varied 
approximately * 3^ for signal* produced near the nominal gage range to 
approximately 10£ for the signals which were nearer l/20 of the gage 
range. 

(5) Recording Time of 15 minutes was avallalbe. 

1 

1 ! 

5.*   rgLD UNITS: 

5.k.l  Page 

The frequency modulating elements In both the acceleration 
and pressure gages consisted of iron-core Inductors whose actual induet- 
anc* value varied with the Instantaneous position of a high permeability 
pad relative to the Inductor core. 

The acceleraseters were manufactured by Schaevlts 
Engineering Company of Causden. Hew Jersey and are described in detail 
in Chapter * of this report; the pressure gages were manufactured by 
Vlancko and are described io detail In a Ballistics Research Laboratory 
report now under preparation. 

5.*.2  Page Cable 

Each gage was connected to its oscillator circuit by a 
10, 20, or 30 foot length of two conductor, low capacitance, shielded 
cable, RG-22/U. This cable had two particularly desirable features - 
low linear capacitance, 16 mmf per foot, and rugged mechanical con- 
struction. Low capacitance cable wee a requisite since the cable 
capacitance comprised part of the tank capacitance of the oscillator; 
good design considerations called for as much as possible of the tank 
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capacitance to be of a fixed type. Even with thla design criterion, on 
the lU.5 kc channel s vittj the 35 foot length of cable (required for the 
30 foot deep ga£ea) only approximately 10J( of the total tank capacitance 
was fixed. However, the rugged construction of the cable nade this sit- 
uation tolerable. Under hydrostatic and shock testing up to 1,000 psl 
levels, negligible change in cable capacitance was observed. 

5.1*.3  Oscillator-Amplifier1 (Fig. 5.5) 

The oecillator-anpllfier unit was designed by the Vitro 
Corporation2 in accordance with specifications supplied by HOL. It 
consisted of five Input circuits and a combined output circuit. The 
input oscillator circuits were of the Hartley shunt feed type, with one 
section of a dual trlode tube (12AU7) serving in the oscillator. The 
Hartley circuit was chosen because of its inherent stability; shunt 
feed was necessary In order to prevent the introduction of objectionable 
magnetic bias into the accelextsaeter colls. The second half of the 
tube was directly coupled to the oacillator section and served as the 
amplifier stage. The signals were cou4led to the tranemlseion cable, 
MC0S-6, by swans of output transformers which provided the proper 
impedance smtch between the oscillator-amplifier units and transmission 
cables. The secondary windings of the output transfonMtrs of the 3.9 he, 
5.U kc, and 7.35 kc circuits were in series across the output terminalc. 
However, the elgnals froa the 10.5 kc and lfe.5 kc circuit* were mixed 
and superimposed on the output through a bridge circuit (Pig. 5*6). This 
was accessary in order to reduce the cross -modulat ion between these two 
signals to an acceptable minimum value. It was found that without this 
bridging network, a k  kc difference frequency would be produced by these 
two frequencies which could cause objectionable Interference in the 
3.9 kc band. Interference between all bands was kept to a minimum by 
designing the oscillator-amplifier circuits so that the total harmonic 
distortion was less than ?£• In this way, for example, the second 
harmonic of the 5.* kc circuit was kept from distorting the eignal In 
the 10.5 kc band. 

The filament and plate power necessary to operate the 
unite was furnished by means of the multl-conductor M008-6 cables. 
All power originated at the trailer. 

The oacillator unite were extremely stable and free from 
extraneous Influences. For a change in 3* voltage from 225 volts to 
325 volts the oscillator frequencies changed approximately 17 parts per 
million per volt on all channels except the la.5 kc, where the change 

XSee Technical Report Ho. 28 of the Vitro Corp. 
Book - Oscillator Set TT-l/36-A and Housing. 
^Formerly the Kell<x Corporation. 

of America, "Instruction 
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was approximately 50 part* par million per volt. The frequency change 
due to filament voltage variation* was approximately 10 part* par 
million par volt. Temperature changes from 20°P to 130°P resulted in 
frequency change* of 10 part* per million per degree P. Testa in an 
air gun for producing transient accelerations were made vitb the units 
operating normally vhlle blgh acceleration shock* up to 50 g vere 
applied. There vere no discernible effects on the output frequency at 
accelerations below 30 g. and only a 15 cps change at 50 g. All the 
above frequency deviations vere considered negligible over the limited 
range of voltages, temperatures and shocks to which the oscillators 
vere to be subjected. 

The oscillator units vere not designed primarily for 
repeated operations, therefore the use of long-life components vas not 
Justified. However, operation during use had to be dependable and it 
vas very Important that a* many circuit* as possible function properly 
at that time. The circuit* had a minimum number of components to 
reduce the chances of component failure. Except for the common filament 
and plate supplies, a failure in one circuit would not seriously affect 
the operation of the other circuits. 

5.**.*  Transmission Cable 
- 

The cable used for the transmission of the signal from 
the field stations to the instrument trailers vas a standard Bavy type, 
MC0S-6. This cable consisted of two shielded pair and an unshielded 
pair of conductors, the overall cable being approximately l/2 Inch in 
diameter and covered with a neoprene Jacket. The characteristic 
impedance of the signal conductor* waa approximate!/ 70 ohme; for 
maximum signal transmission the cable vas terminated at both ends with 
this impedance value. The attenuation of signal* varied with the 
frequency of the signal carrier, the attenuation for the 3*9 kc carrier 
being 1.1 db per 1,000 feet and for the Ik.3  kc carrier being 1.6 db 
per 1,000 feet (Pig. 5.7).  (The oscillator-amplifier unit* vere 
designed to equalise this variation by providing higher output* for the 
higher frequency channels than for the lover frequency channels.) The 
conductor* vere utilised as shown in Fig 5.7. The individual pairs of 
lead* vere used for separate functions so as to achieve simplicity and 
reliability, and the signal leada vere paralleled to reduce attenuation. 

Tt waa estimated that approximately 250,000 feet of cable 
would be required in Operation Jangle. This cable was available on reels 
each holding approximately 1,500 feet which made it convenient for laying 
(Pig. 5.3). To facilitate the task in the field of Joining the Individual 
cables to provide the proper length*, connector* were attached to the end* 
of the cable at !90L. All that was required in the field was to Join the 
connectors and waterproof the Joint (Pig. 5.9). In this way, good elec- 
trical continuity was obtained along with strong mechanical linkage all 
with a saving in manhours in the field over either solder or cold spiles 
methods. _m  g0 m 
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5.5 IJCTRUKEfTATIOJI TRAILER UNITS: 
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All recording and power equipment and necessary auxiliary unit* 
were housed in van-type trailers. These unit* are described belov and 
the units directly associated with the recording of the signal are shown 
in Pig. 5.10. 

5.5.1  Auxiliary Signal Unite 

(1) Distribution Panel (Pig. 5.11) - This panel served 
as a •aster distribution panel. It fed filasjent and plate voltages to 
the five stations of each bank. It also distributed the output signals 
of each oscillator set, through two impedance Batching transformers In 
each signal channel, to s recording channel in each of two different 
recorders. The primary circuits of the transformers sere connected 
together and matched to the characteristic impedance of the MCOS-6 cable, 
and the individual secondary windings were matched to the input Impedance 
of each recorder. An attenuation network was added to the primary cir- 
cuit of the transformers to reduce the signal level input to the 
recorders. 

(2) D. C. Power Supply Panel (Pig. 5.12) - This panel 
received 36 volts D.C. lo operate five DM-36 dynamotors (Pig. 5.13). 
The 300 volt filtered outputs of these units ware fed to the Distri- 
bution Panel for coupling to the transmission cables and thence to 
the field oscillator sets. Dynsmotor plate supplies were used in this 
operation rather than electronic power supplies because of the greater 
simplicity, and the ready availability of the battery source. 

(3) D. C. Junction Panel - Power for this panel was 
received from the same 3*6 volt battery banks that powered the motor- 
generators. The five output receptacles distributed power to the D.C. 
Power Supply Panel. 

(U) Filament Supply Panel (Pig. 5.1*0 - This panel 
received 115 volte A.C. which operated an auto transformer adjusted to 
produce a 1*5 volt output. This voltage level was needed to compensate 
for the voltage drop Incurred over approximately 1-1/2 miles of cable in 
furnishing 130 volts A.C. at the filament transformer in each oscillator 
set. Each output receptacle fed only one cable and was Individually 
fumed with a slow-blow fuss. In this way, short circuiting of one oscil- 
lator set would not affect the other oscillator sets operating off the 

auto transformer.3 

3por more detail on the above four panels, sen Vitro Corjoration Tech- 
nical Report So. 29 "Installation Manual - Distribution Panels TF-I/36-A, 
J-I/36-A, DY-I/36-A, and J-2/36-A". 
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(5) A. C. Junction Panel - All A.C. pover for the 
auxiliary unite and the recorder* was distributed froa this panel. It 
received pover froa its associated aotor-generator set. 

The above panels vcre connected by means of cables in 
order to facilitate Isolation of any particular coaponent for trouble 
shooting purposes. A sufficient variety of types of connectors vere 
used so that laproper connection* vera no v. likely. 

5.5.2  Magnetic Tape Recorder (Pig. 5.15) 

The recorders were aodifled Aapex Model 301 coaaerclal 
aagnetlc tape sound recorders similar to those used by the NOL group on 
Operation Greenhouse.1* The salient features of these recorders are 
listed below: 

(1) Seven separate heads In one assembly were employed 
to record seven channels simultaneously on 1/2" wide aagnetlc tape. 
Each channel track was 0.050 inches wide and separation between tracks 
was 0.020 inches. 

(2) Frequency response of the recorders was flat within 
* 3 db froa 1 kc to 18 kc. 

(3) Signal to noise ratio was greater than 20 db below 
a 3$ distortion recording level. Cross-talk between adjacent channels was 
at least 1*5 db down. 

(It) Tuning fork controlled capstan motor drive was 
employed to keep tape speed variations to a minimum resulting In less 
than 0.1% r.a.s. "wow-and-flutter". 

« 

(5) Reaote control was provided for all necessary 
operations - application of power, start of tape transport, and record- 
ing of signal. 

(6) Only the recording (not playback) operation was 
possible on this recorder. Further simplifications and fool-proof 
features of the recorders were the elimination of erase heads and the 
use of only forward speed at 30 inches per second. 

The recorder contained seven identical two-stage 
amplifiers with inputs located on the front of the unit (Fig. 5.16). 
The power for this chassis was provided by the power supply chassis 

*» Greenhouse Report Annex 1.6, Part IV, Section 1; also "Instruction Book- 
Multi-Channel Magnetic Tape Recorder and Reproducer produced under Kellex 
eorp. Purchase Order SS Bo. 21223" by Aapex. 
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below it. For each channel the record amplifier had eeparate Blaa 
Control and Signal Level Metering Jacka, Biaa Adjustment and Record 
Level Adjustment Controls. 

The power supply unit (Fig. 5.17) was of the conventional 
full-wave high vacuum type with adequate filtering. The high frequency 
(70 kc) biaa supply also vas located on this chassis. This push-pull 
oscillator had very low harmonic content in its output. 

The capstan motor amplifier unit (Fig. 5.18) contained 
a 69 cps tuning fork which controlled the frequency of an amplitude 
limited oscillator circuit. The output from the oscillator was subse- 
quently amplified and used to operate the capstan motor drive. 

The prime requisite of magnetic tape recorders when used 
in frequency modulating systems is to keep the speed variations of the 
tape to a minimum. Speed variations are equivalent to frequency mod- 
ulations of the signal and are, therefore, reproduced along with gage 
signals aa extraneous and objectionable noise. The bouncing of the tape 
on the recording head also produces objectionable speed modulation of 
the tape; this "flutter" was kept to a minimum by the careful design of 
all parts in the tape transport mechanism and some mechanical filtering 
by the use of tension arms. However, Irregularities on the tape surface 
and dust on the tape and heads were difficult to control or eliminate. 
As a result, the noise due to "flutter" varied from recorder to recorder 
and from shot to shot. 

5.5.3  Auxiliary Units 

(1) Timing Oscillator (Fig. 5.19) 

In addition to the gage signals, calibration signals 
were recorded simultaneously on the tape. A composite signal of two 
frequencies was produced by each of two Timing Oscillator units. One unit 
produced a standard unmodulated frequency of U00 cps and a modulated 
center frequency of 2,300 cps. The other unit produced a standard un- 
modulated frequency of 1,000 cpe and a modulated center frequency of 
3,900 cpe. Although only one standard frequency and one modulated 
frequency was required, two Timing Oscillator units were used to Insure 
against failure of either of the units. The standard frequency signals 
were required to adjust the tape speed on playback to that speed which 
would reproduce the recorded information faithfully. These frequencies 
were produced by tuning fork osclllatois of the General Radio type 723. 

The modulated frequencies centered at 2,300 cps and 
3,900 cpe were produced by phase shaft oscillator circuits. These frequen- 
cies were modulated by timing signalr from Blue Box and relay sources. 
At minus 1 second, an EG&G timing relay signal produced a frequency 
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shift In the oscillator. This signal was used as an aid in 
playback to automatically trigger the playback sequence; it 
could also be used as a fiducial marker since its time with 
respect to zero could be accurately determined and it watt 
common to all recorders. However, the Blue Box signals (photo 
electric signals), initiated by the visible detonation of the 
test explosive were used as the timing fiducial. Two Blue 
Boxes were used, each feeding its signal into the phase shift 
oscillators of each Timing Oscillator unit. These signals 
produced frequency shifts of opposite sense and different time 
durations from the minus 1 second signal. 

In operation, the minus 1 second relay closed, 
triggering a one-shot multi-vibrator which then produced a 
0.13 second pulse. To prevent multiple triggering due to pos- 
sible relay chatter, a 1/200 ampere fuze was blown, thus open- 
ing the input circuit. At zero time, the Blue Box (or timing 
relay) closed and triggered another similar multi-vibrator which 
produced a O.05 second pulse. ,The outputs from the two multi- 
vibrators were mixed and frequency modulated the phase shift 
oscillator producing 5£ frequency shifts. 

(2) Timing Oscillator Distribution 

The two output signals of each Timing Oscillator unit 
were fed into this Timing Oscillator Distribution Panel where 
all four signals were added by a resistive network. Eight out- 
puts were provided carrying the composite signals to one head 
of each of the eight recorders. Each output was decoupled suf- 
ficiently to prevent interference among recorders. 

(3) Reference Oscillator (Pigs. 5.20 and 5.21) 

An oscillator unit providing stable oscillations at 
tne five signal frequencies used (3.9, 5.4, 7.35, 10.5 and 14.5 
kc) was constructed to provide a convenient reference source for 
checking the frequencies of the field oscillators. As a second 
function, the mixed frequencies of the oscillator unit were re- 
corded on one head of each recorder to provide a reference cal- 
ibration signal during playback. As a third possible function, 
this signal was recorded with a view to using it In a tentative 
scheme for "wow-and-flutter" reduction. (This function was not 
realized on this operation because of the lack of time required 
to fully develop the design.) 

.i 
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Phe circuit for this unit consisted of fire cathode- 
coupled 12AT7 oscillators, followed by five grounded grid aaplifiers 
whose outputs were added linearly in a resistive network. Orounded-grld 
aapliflera rather than conventional amplifiers wire used only because a 
coupling condenser was thereby eliminated. The low output iajpedance of 
the cathode-coupled oscillators, moreover, permitted direct coupling to 
the grounded grid amplifiers. Dropping resistors were needed to adjust 
the voltage level in the aaplifiers for equal output voltages. A sixth 
triode aaplifler for a aodulated signal froa the Tlalng Oscillator had 
its output added into the saae network and the coaposite signal was 
then fed In parallel to four cathode follower output stages. The six 
aaplifiers and four cathode followers were contained in five 121X7 tubes. 

Bach cathode follower fed a recording channel In each 
of two tape recorders> the two output terminals being isolated by two 
22 kilo-ohm resistors to prevent loss of signal to one recording channel 
if the other should becoae short circuited. The output froa the driven 
cathode in each of the five oscillators was brought out to a separate 
terminal through an 8.2 kilo-ohm isolating resistor. Air-dielectric 
trlamer capecltora for each oscillator were located beneath these output 
terminal* to provide fine tuning of the individual oscillators. The 
stability of these oscillators was approximately a factor of ten greater 
than that of the fi*ld oscillators. 

(U) Piltor Scope (Fig. 5.22) 

In order to aoasure and inspect each of the five 
frequencies put out by each of the field oscillators, narrow-band-paas 
filters, tuned to the frequencies 3,900, 5,400, 7,390, 10,500, and 1*,500 
cps were needed. This function was provided by the "Filter 8eope" which, 
in addition to permitting selective amplification at each of the five 
frequencies, permitted two signals, one from the field oscillator and the 
other froa a reference source such as the Reference Oscillator, to be 
presented on a cathode ray tube for frequency comparison by Llssojous 
patterns. Both horizontal and vertical aaplifIers, Identically con- 
structed, had separately accessible input and output terminals. 

Bach tuned amplifier stage consisted of a bridge- 
T feedback aaplifler using a "cascaded" 12AX7 tube.5 The deflection 
stage waa 1/2 of a 12AX?, connected ea • triode aaplifler, while the 
output stage, also 1/2 of the 12AX7, was connected as a cathode 
follower. In both the horltontal and vertical amplifier*, six-position 

5o. B. Valley, Jr. and H. Wallaan, "Vacuum Tube Aaplifiers," M.I.T. 
Radiation Laboratory Series, Vol. 18, McGraw-Hill, Hew York (19*8) 

10. 
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••lector svitches permitted a choice of either oon-eelectlTe aapllflcation 
(posltiou 6) or •elective amplificatlon at any one of the five standard 
frequencies (positions 1 through 5). Tuning of the brldge-T networks was 
accomplished by adjusting the set screw in each of the VIC inductor*; 
gain and selectivity were controlled by adjusting resistors Ri through 
R5, each having a 5 kilo-ohm potentiometer for fine adjustment. As the 
value of each of these resistors increased, both the gain and selectivity 
Increased; beyond a certain value, regeneration nay occur and the adjust- 
ment had to be made so as to avoid this difficulty. 

A voltage doubler power supply was used to provide 
both positive voltage for the amplifiers and negative voltage for the 
cathode ray tube. 

(5) Field Operation Check Panel 

The purpose of this check panel was to allow monitor- 
ing of the plate and filament voltages and currents being fed to the 
field oscillators and of the composite signal received from these oscil- 
lators without interferring with the operation of the system. The panel 
contained A.C. and B.C. voltmeters and ammeter* which were switched into 
the appropriate circuits. A coaxial output connector was bridged across 
the signal leads to allow for monitoring of the oscillator frequencies 
and wave-forms. Two Jumpers were used to insert the Check Panel between 
the MCOS-6 field cable and the Distribution Panel. The Check Panel was 
used only in initially setting-up the equipment and in trouble shooting. 
The presence or absence of plate and filament voltages and currents was 
made Immediately evident and by noting the amount of current flowing in 
the plate and filament circuits, Improper operation could be localised 
to particular components of the system. 

(6) Field Cable Tester (Pig. 5.23) 

Although all cable was carefully tested before 
leaving the Laboratory, to forestall difficulties caused by shortened, 
open, or low resistance cable, all cable vas checked Just prior to 
laying by a simple Cable Tester. This two-unit tester checked the most 
pertinent five combinations of leads in pairs by means of switching 
boxes and an ohsneter. 

(7) Blue Box (Fig. 5.2*0 

The zero timing signal vas obtained from a Blue Box 
manufactured by EGAG. The circuit contained a vacuum phototube (929) 
sensitive in the visible region, coupled to a thyratron tube (?D2l) ey 
a small capacitor so that only a sharply rising light pulse, such as 
em.'.tted by the fireball of an exploding charge, would trigger the 
thyratron. The firing of the thyratron produced a voltage step at its 
cathode viiich vas used u»  the zero timing slgnnl fed into the Timing 
Oscillator unit. 
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(8) Timing Relays 

The timing relay* were supplied by EG&O aad 
manufactured by Union Switch and Signal Co., Swissv.ila, Pa. Seven 
rack oounted relay* vere provided to Initiate the 22 separate control 
functions for the complete recording instrumentation nt the four 
specified times (rig- 5-26). 

5.5.1*  Primsry Pover 

Primary pover for operating the field oscillators and 
the trailer instrumentation during the tests vas provided by battery 
banks housed in the battery compartments of the trailers (Pig. 5*25). 
In this way, except for the few timing signals required from outside 
sources, complete Independence of operation vas achieved during the 
test. In addition, a stable, noise-free pover source vas realised 
which could be expected to be dependable throughout and after the blast. 

i 

the batteries used vere 6 volt 175 ampere-hour lead 
storage batteries. Bach bank of equipment vas supplied by twelve 
batteries arranged in series - parallel to provide 36 volts vith 350 
ampere-hours capacity; this capacity allowed for at least two hours of 
continuous operation of the equipment. Bach battery bank ran the 
five dynemotors In its associated instrumentation bank, and the motor 
generator which provided the A.C. pover for this same instrumentation 
bank. 

The motor generators (Pig. 5.26) hod a load rating of 
2.5 kva; this size vas quite adequate since total pover consumption for 
the complete Instrumentation bank was approximately 1,500 watts. While 
operating under nominal full load, the output voltage and frequency of 
the generators were adjusted to 60 cps and 117 volts by means of 
rheostats prior to the tests; the stability of the motor-generators 
was such as to maintain these values during the unattended test 
operation. 

1 

The various controllers, switches, and relays necessary to 
properly couple pover from the batteries to the generators and to the 
instrumentation vere incorporated into the design (Pig. 5*27). These 
units also provided a ready means of connecting battery charging equip- 
ment to the batteries, and A.C. power from an external source, such as 
a gasoline generator or a commercial-type power line, to the recording 
instrumentation for use during setting-up procedures. 

During the test operation, a minus 15 minute relay signal 
actuated the controllers which started the motor generators and supplied 
the P.C. to the dynamotors. At this same time, a time delay mechanism 
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v&a started. After 20 minutes of operation (15 minutes before sero to 
provide the required tlae for the equipment to reach • lability and five 
minutes after sero), the tlae delay aechanlsa opened the controller 
circuit* and cut both A.C. and D.C. power to the instrumentation. 

5.5.5  Instrumentation Trailer (Fig*. 5.29 through 5.32) 

During the history of the project vhen test sites, 
instrumentation lines, and test conditions v«re not definitely determined, 
it became evident that a mobile instrumentation trailer would be of 
considerable aid in setting up the field program In almost any situation. 
Consequently, two van-type trailers were procured and outfitted 
identically. Each trailer was 32 feet 3 inchee long, 7-1/2 feet wide, 
and 11-1/2 feet high. The trailer was partitioned into three com- 
partments, one for batteries, one for the motor generators and 
controllers, and the third and largest compartment for housing the 
recorders, auxiliary panels, testing equipment, work benches and 
supply cabinets (Fig. 5.33). 

The motor generators and the relay racks holding the 
electronic equipment were shock mounted to prevent vibrations and shock 
from adversely affecting the operation of the equipment. An air con- 
ditioning unit was installed in each trailer to provide favorable 
operation conditions for the equipment and personnel regardless of 
outside weather conditions. To provide accessibility to the backs of 
the rack mounted equipment, each bank of instrumentation was secured 
to a platform mounted on casters. Signal cables entered the trailer 
through small ports located in each side of the trailers; the outside 
power cable, which provided the lighting and outlet power, was con- 
nected to the trailer by means of an external connector. External 
connectors also were used to connect the battery chargers to the power 
source and the batteries. (The battery chargers were located outside 
the trailers because of space limitations and as a safety measure.) 
(Pig. 5.3*). 

#' 

5.6   RECORD REDUCTION (Fig. 5.35) 

5.6.1  Reproducer (Fig. 5.36) - The playback unit was designed 
and constructed by the Ampex Electric Corporation to reproduce the tapes 
recorded on the Recorder unit. It consisted of four separate component 
units. 

(l) Tape Transport Mechanism - This unit, basically, was 
similar to that of the Recorder, but it had~a few additions. It had a 
selector switch for quick choice of mode of operation to facilitate 
signal location and playback. With the selector switch In the "play" 
position the tape traveled at a velocity of 30 inches per second (approx- 
imately the same speed as the Recorder). Three other modes of op^^tinn 
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were provided: Fast Forward, Fast Rewind, and Slav Rewind. The take-up 
tension arm on the Reproducer actuated a shut-off switch which 
automatically shut off the mechanism ia the event of Upe breakage. 

(2) Reproducer Amplifier (Fig. 5.37) - This unit 
incorporated two "-rntlcal playback amplifiers which allowed for 
simultaneous playback of any two channela by means of selector switches. 
Normally one amplifier was switched frost head to head in order to 
reproduce the gage signals on five of the tracks; the second amplifier 
was set to play back the signal on the track which contained the 
standard reference frequency and timing signals. By means of a second 
output on this second amplifier circuit and a phone Jack to allow for 
the insertion of s too cps or 1,000 cps filter, the standard frequency 
was made available for tape speed control. 

(3) Capstan Motor Amplifier (Fig. 5.38) - This unit, 
located within the Reproducer console, was very similar to the tuning 
fork amplifier of the Recorder. Instead of a tuning fork, however, the 
signal being amplified to drive the capstan motor was supplied by s 
Wlen bridge oscillator located inside the tape speed control unit. 

(1*) Tape Speed Control Unit (Fig. 5-39) - This unit, 
coupled to the Reproducer console by means of a cable, contained a 
stable 69 cycle Vien bridge oscillator. Two potentiometer controls 
provided fine and course adjustments of this oscillator frequency 
within s • 3 cycle range. 

In the playback procedure, the UO0 cps (or 1,000 cps) 
standard frequency signal obtained from the tape was fed to the vertical 
input of a cathode ray oscilloscope. The signal from a local tuning 
fork oscillator, identical to the one used in the trailer for recording, 
was fed to the horizontal input thus forming a Lissajous pattern. The 
Tape Speed Control unit was adjusted until a stationary pattern was 
obtained. This was the Indication that the tape speed in playback was 
the proper one to give faithful reproduction of all recorded signal 
frequencies. This scheme compensates for tape length variations caused 
by temperature and humidity variations between time of recording to 
time of playback. It also compenssted for possible variations in tape 
speed during the recording process caused by faulty drive mechanisms, 
It was because of this speed control feature and indication of correct 
frequency reproduction that It was possible to calibrate the system 
frequency-wise during record playback, thus simplifying the field 
electronics. 

i 

5.6.2  Discriminator (Fig. 5.to) - The composite FM field 
signal from the Reproducer was fed into five Discriminator units, 
with parallel inputs, earn unit containing a band-pass filter t.   .- t 
one of the carrier frequencies modulated by the gage signal.   . the 
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Discriminator, the frequency modulated signal wae converted Into 
amplitude variation* with tiae and was aade suitable for presentation 
on a string galvanometer oscillograph. 

The Discriminators were made by the Rational Machine 
Shop of Silver Spring, Maryland, end originally designed by the 
Applied Physics Laboratory of Johns Hopkins University for the Btssble 

Bee syatea. 

The input stage of the DU.rialnator was a cathode 
follower having an input impedance of l/2 aegoha, preceded by an 
attenuator enabling utilization of input signals ranging in level 
fro* ICav to lOv. Polloving the input cathode follower waa a plug-in 
band-paaa filter which allowed selection of the desired FM signal and 
provided rejection of all other signals. After filtering the desired 
FM signal waa amplified and Halted, the Halted signal actuating a 
pulse foraing circuit which delivered one pulse for each cycle of the 
incoming aignal. Bach of theae pulaes triggered a one-shot aulti- 
vibrator which returned to ita rest state after a tiae interval equal 
to half the reciproca] of the center frequency of the •«1«<^ FM 
signal. The return tiae of the multivibrator waa deterained by the 
circuit constant, of a plug-in network augaented by a fineadjustment. 
By the proper choice of one of a number of such plug-in networks, the 
return tiae of the aultivibrator waa adjusted to correspond to the 
chosen FM signal for that gage channel - 3-9, 5.*, 7-35, 1C.5, or U.5 kc. 

When the return tiae of the multivibrator waa adjusted to 
correspond to the center frequency of the selected FM signal, the 
aver^gTvoltage aeaeured between the plate, of the aultivibrator tube. 
va. proportional to the deviation of the signal from tn« center 
frequency. This averaging wa. performed by a low-paa. filter inserted 
between the multivibrator plate, and the following cathode followers. 
The.e were followed by another pu.h-pull cathod*-follower stage. Pro- 
viding a balanced output having an effective .ource impedance of 33° ohaa. 
Overload protection incorporated in the output circuit autoaatically 

limited the output current to *15 -. With the •W ,£***>*"' ** 
load current waa 10 ma when the FM signal deviated 7-1/2* froa ita 

center frequency. 

•me timing signal from the standard reference track of 
the tape waa reproduced by means of a sixth discriainator operating on 

a center frequency of 2.3 kc or 3.9 kc. 

5.6.3  String Galvanometer Oscillograph (Fig. 5.^) - T*>e String 
Galvanometer OscTnogVaph unit changed SK electrical signal «*»«*• of 
the Discriminators into a visual and photogi .phic preaentation. This unit 
was aanufactured by the Century Geophysical Corporation of Tulsa, 
Oklahoma. Although sixteen strings could be accommodated in this unit, 
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only six vere uaaa - on* for each of the five gage signals played back 
simultaneously, and one for the timing fiducial signal. 

The reeonant frequency of the galTwno—tare was 200 cpa 
and each had a resiatance of 60 ohms and required an external shunt of 
120 ohms for critical damping. These resistors and the network re- 
quired to properly natch the impedance of the galvanometers to the 
Discriminators were built on an auxiliary panel. This panel also pro- 
Tided attenuation of the signals into the galvanometers so as not to 
overload these elements. 

The oeclllograph unit contained a tuning fork controlled 
oscillator which produced 100 and 10 millisecond timing lines trans- 
versely across the eight inch vide photographic paper used. The paper 
used was Kodak Linograph 1127, selected because of its high sensitivity. 
The paper feed speed used was approximately 10-15 Inches per second. 

5.6.k   Calibration Oscillator (Pig. 5.*2) - The function of the 
calibration oscillator was to provide for each of the five gage frequency 
bands a sequence of calibrating frequencies which when fed through the 
playback system, produced stepwlse calibration marks on the photographic 
records. For convenience and accuracy, these calibration marks were 
made to appear during the one second Interval preceding the zero time 
mark. The calibration sequence, which was obtained by means of an 
automatic stepping 5-pole, 22-posltion relay, corresponded to frequency 
deviations from center frequency in the order: 00, +6f,  *3*, +1.5?, 
*0.5*, 0*, -0.5*, -1.5*, -3*, -6*, 0*, *6l,  •#, +l.5i,  -tf.5*, 0*, 
-0.5*, -1.5*, -3*, -6*, 0*, the center frequencies being 3,900, 5,*», 
7,350, 10,500, and 1»,500 eps. 

The basic oscillator design used s cathode follower 
coupled to a grounded-grid empllfler by means of a series resonant 
LC circuit. Bach of the five oscillators used a single 12AT7 tube 
and contained a hlgh-Q inductor with an appropriate set of capacitors 
tuned to the desired frequencies and selected in turn by a stepping 
relay. Positions 1 through 10 were connected so as to provide the 
first half of the calibration sequence while positions U through 20 
were appropriately paralleled with the first ten positions so that the 
firet half of the sequence was repeated. Positions 21 and 22 provided 
center frequencies sgaln. The output of each oscillator was taken from 
the cathode of the cathode follower at an impedance level of eomething 
less than 200 ohms. In this way, cross-talk between the five 
calibration oscillators was minimised. 

The power supply, constructed on a separate chaeeis 
(Fig. 5.1*3), was electronically regulated and used a "cascods" regu- 
lator circuit. In order to prevent cross-talk between the five 
oscillators and the playback signal, the &+ lead to the oscillators 
was disconnected except during the calibration interval. Low voltage 
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(up to 12 volts) D.C. for the relay* va« furnished by means of a full- 
wave selenium rectifier and this voltage was controlled by a Variac. 
In this vay, the calibration cycle could be varied from 1/2 to 2 seconds. 
A connector was provided on the skirt of the oscillator chassis to feod 
lov voltage D.C. to the sequencing unit chassis and to receive therefrom 
the triggering short-circuit for the stepping relay. 

Under laboratory conditions, the stability of the oscil- 
lators vas in the order of * 2 to * 5 cps over period* of several week*. 
Under field conditions, this stability vas not observed. 

Sequencing Unit (Fig. 5.kk)  - In order to facilitate the 
playback of records 

5.6.5     _      
and presentation in final form, a unit vas con- 

structed which controlled the necessary playback operations in orderly 
sequence. This unit had tvo modes of operation, "Automatic* which waa 
normally used in playback, and "Manual" which was normally used in 
setting-up procedures. By means of this Sequencing unit the locally 
generated frequencies from the Calibration Oscillator unit and the 
recorded gage signals from the Reproducer were applied through the 
playback system in proper sequence and in synchronisation with the 
string oscillograph operation. 

With the unit set to "Automatic", the playback procedure 
was as follows: 

The tape transport was started aerially well before 
the appearance of signals on the tape. When the signal appeared, the 
Tape Speed Control was adjusted until a stationary Llssajous pattern 
was formed. Approximately 3° seconds were available for thi" manually 
performed operation before the automatic operation started. With the 
appearance of the minus one second signal on the standard reference 
track, a voltage pulse was formed in the Discriminator, and paased on 
to the sequencing unit. Here the signal was amplified before triggering 
a tbyratron "ircuit. The thyratron output pulse initiated the calibra- 
tion sequence by actuating the stepping relay in the Calibration 
Oscillator unit. Simultaneously, a five-pole, double-throw relay waa 
actuated. This relay switched from the Reproducer output to the 
Calibration Oscillator outputs so that each of the five calibration 
signals waa fed individually into the proper Discriminator. After the 
calibration cycle which had a duration of approximately one second, 
when the stepping relay' came to rest again, the five-pole, double-throw 
relay switched back to the Reproducer output, thus feeding the gage 
signals into all five Discriminators simultaneously. Coincident with 
the start of the calibration cycle, the circuit providing for automatic 
operation of the string oscillograph vas ciosed. This started the paper 
drive and illuminated the galvanometer mirrors and record identification 
numerals. After the gage signals on the tape were recorded, aa evidenced 
by the meter movements on the Discriminators, the playback waa stopped, 
the tape rewound, and the above procedure followed for the other gage 
signal tracks. 

L 
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At times It vaa desirable to record on the string oscil- 
lograph only one of the gage signals asking up the conpoaita signal on 
a track. This vaa accomplished by tha simple expedient of connecting 
only the required lead to tha string oscillograph. 

In "Manual" operation, the various operations described 
above were initiated by switches.  In this vay it vaa convenient to 
cycle the calibration oscillators one atep at a time and to check and 
adjust the calibration frequencies to close tolerances. Also, it pro- 
vided a kueana of initiating automatic operation when the ninua ons 
second signal circuit failed to operate. 

5.6.6  Photographic Technique - The photographic paper obtained 
from the string oscillograph magazines varied In length from five feat 
to 150 feet depending on the masher of t*pe runs that were made. For 
the shorter length:!, tray developing vaa used. For the longer lengtha 
of paper, a portable automatic tank method vaa used (Fig 5.^5). Because 
of the high photographic speed of the paper, to obtain beat results, all 
loading and unloading of the magazines and developing of the paper vaa 
done in a darkroom without benefit of safe lights. 

The paper vaa dried on a small, commercial drum dryer 
with an automatic paper feed and take-up device added (Fig. 5.^). 

5.7   PERFORMAHCE AHD RECOftCHDATIOlTS: 

The present over-all inatnssentatlon system performed satisfactorily 
on Operation Jangle; however, improvements in design are indicated for 
future use so as to realise even better performance. Tha most serious 
shortcoming of the system vaa the lew signal to noise ratio obtained in 
the field. Although the recorders and playback machines met or even 
exceeded specifications for "vow-and-flutter", less than 0.1$ rms, in 
the laboratory, this figure was exceeded by as much as a factor of 2.5 
is the field. For the most part, this vaa due to the ever-present dust 
problem and the Inability to keep recording and play*>«rk leads, the 
capstans, idlers and magnetic tapes completely free of dust. However, 
even under laboratory conditions it would be advisable to decrease the 
"wow-and flutter", thus increasing the dynamic range of the equipment 
and obviating the need for "back-up" gages. This, of course, would free 
gage clrcuita for additional measurements. 

This decrease could be accomplished in many ways - by redesigning 
the recorder and playback machines, by employing some "wow-ar^ -flutter" 
compensation scheme, or by producing a larger signal. The redesign of the 
recorder and reproducer could proceed along the lines of developing 
aaootber motor drives and better mechanical filtering possibly using 
compliance loops similar UJ  those used in sound-on-f11m recording. 
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Compeneatlon methods could be designed Including aearTPHaechanlaai• to 
correct for "wow" and mixing and "beating" achames for "flutter" re- 
duction. It waa thia latter schema that vma at tested in the BOL 
inatr-aontation and abandoned temporarily becauae of the lack of time. 

Essentially, It was a system to make "vov-and-flutter" a function 
of the frequency deviation produced by the acceleration or pressure 
phenomenon, rather than the carrier center frequency. Since the fre- 
quency deviation could be at moat approximately 10$ of the canter 
frequency, a minimus noise reduction factor of 10 could be expected, 
vith greater reduction for amaller signals. In this method, the 
compensation vaa accompliahed in playback. The signal frequency was 
beat with the output of a local oaclllator, the sun frequency filtered 
and paaaed into another non-linear mixer circuit. The unmodulated 
reference frequency from the tape also was fed into this mixer, the 
difference frequency filtered and paaaed into a discriminator where 
amplitude variations were produced corresponding to the original signal 
phenomenon. Early tests on this syata? were encouraging and further 
work should be undertaken. 

Increase of signal to "vov-and-flutter" Induced nolae can be 
accomplished by producing larger signals. This indicates a gage develop- 
ment problem with a view towards increasing the frequency deviation 
produced by any given forcing function. (Of course, this would limit 
the spacing of adjacent bands, but this may not be detrimental in some 
applications.) 

Hew gage development should also seek a linear end instrument aa 
stated in Chapter U. This would lead to e simple expansion of the play- 
back system permitting more complete data reduction and enabling 
acceleration records to yield velocity and displacement data electronically. 

In conjunction with decreased "wow-and-flutterM endeavors, work 
should be done on oscillator-amplifier deelgn. In a multiplexing system 
it is important to keep lntermodulation products at a low level so aa 
not to cause interference in other bands. This indicates that the total 
harmonic content of oscillators and amplifiers should be low. The 3$ 
lev»l obtained in Operation Jangle was tolerable because it waa masked 
by the "wow-and-flutter" noise; with better noise characterlstics, 
lower harmonic distortion limits will have to be maintained. 

The physical design of the trailer instrumentation could be 
improved by combining all the components included in one recording 
channel (exclusive of the Recorders) on one small chassis. Field ex- 
perience shoved   ry little need for trouble shooting on the trailer 
equipment thus eliminating the need for multiple-disconnect elements 
with its encumbering cabling. 
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A Modification la the filasent *upyly design would b« advieebie. 
At present, with only on* transformer feeding the filaaenta of tha flira 
oaclHator-Mplif i«r unite la one laatraanitetioo beak, the output 
voltage of the auta-treasforaer la aat to tha optimal value for tha aid- 
die taace atation. Becauee of the difference la lsagthe of cablee and 
the resultant difference In Use attenuation, eoss atatlona operated with 
aa over-voltage, aad othera with aa under-voltage. Although no tube 
failure or other adverse effecte resulted from thla condition, in future 
operation* vlth poseibly longer line*, detrimental voltages say be 
Incurred at the art rase atatlona. Individual tranaforser* for each 
station would ellalaate thla condition, and lead to a •ore reliable aad 
flexible design. 

As aa aid to overall field operation aad aa a atop toward coping 
with the duet probles, it la auggeeted that a trailer be outfitted to 
house the playback inatruawntatlon. Thla trailer ahould also contain 
the photographic processlag facility aad it could contain the 
laboratory work apace aad etorege apace for the project group. 
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